The modifications of the first two pleopods in male shrimp have long been considered to serve in insemination of the female. The role of pleopods 1 and 2 in mating in a protandric simultaneous hermaphroditic shrimp, Lysmata wurdemanni, were investigated. Results indicate that the modified endopod of pleopod 1 is not needed to transfer sperm in both male-phase (MP) and euhermaphrodite-phase (EP) shrimp. Absence of pleopod 2 does not affect the sperm-transfer success in both MP and EP shrimp. Removal of pleopod 1 also has no impact on fertilization in the MP shrimp; however, sperm transfer is affected by removal of pleopod 1 in some EP shrimp. Even when both pleopods 1 and 2 are completely ablated, about 20% of the shrimp can still fertilize successfully and another 20% partially successfully.
In many decapod crustacean species, the inner rami, or endopods, of the first two pleopods of males are modified from the primitive oar-like natatory form (Bauer, 1986) . Located just behind the gonopores, these modified endopods have long been considered to serve as gonopods in insemination of the female. In crayfish Orconectes limosus Rafinesque, 1817 (see Andrews, 1911) and several brachyuran crabs (Cronin, 1947; Hartnoll, 1969 Hartnoll, , 1975 , the direct roles of the gonopods in transferring sperm to the female have been confirmed. In caridean and other shrimp species, males are characterized by the occurrence of cincinnuli (coupling hooks) on tip of endopod of pleopod 1 and of appendices masculinae (AM), spinous processes, on the endopod of pleopod 2 (Bauer, 1976 (Bauer, , 1986 . Although the cincinnuli and AM have long been assumed to function as copulatory processes (e.g., Descouturelle, 1971) , their actual role in sperm transfer has rarely been demonstrated. In the caridean shrimp Heptacarpus sitchensis (Brandt, 1851) (see Wicksten et al., 1996) , males with AM removed did not transfer spermatophores as successfully as intact males (Bauer, 1976 , as H. pictus Stimpson, 1871 . The AM have also been demonstrated to play a role in the transfer of an adhesive spermatophore in grass shrimp, Palaemonetes pugio Holthuis, 1949 (see Berg and Sandifer, 1984) .
Unlike other decapod crustaceans, caridean shrimp Lysmata species are protandric simultaneous hermaphrodites (PSH) (Bauer and Holt, 1998; Fiedler, 1998; d'Udekem d'Acoz, 2003) . A shrimp first matures as male. It may change into euhermaphrodite with increasing size. A euhermaphrodite-phase (EP, termed femalephase (FP) in Bauer and Holt, 1998; Bauer, 2000) shrimp can mate as female (during postmolt) as well as male (during intermolt), even within a space of a few hours (Bauer and Holt, 1998; Lin and Zhang, 2001) , despite the fact that the cincinnuli and AM disappear when the shrimp changes from MP to EP. The first, but not second, pleopod of EP shrimp may play a role in spermatophore transfer in L. amboinensis De Man, 1888 (see Fiedler, 2000) . The present study examines the role (or lack thereof) of the first two pleopods in fertilization success of both EP (as male) and MP shrimp in L. wurdemanni Gibbes, 1850.
MATERIALS AND METHODS
Lysmata wurdemanni shrimp were raised in the laboratory from broodstocks that were collected from Port Aransas, Texas. The shrimp, between 2.0 and 4.4 cm in total length (TL), were housed in 20-L buckets with flow-through seawater of 33-35 ppt salinity and 25-288C temperature, and fed with frozen adult Artemia once daily.
For both the MP and EP (acting as a male) shrimp, three levels of ablation treatments were conducted. In the first treatment, the endopod of the first pleopod was ablated and then the shrimp was allowed to mate with an EP shrimp (acting as a female). The first and second pleopods were completely ablated in the second and third treatments, respectively. Two additional treatments were carried out where a mixture of MP and EP (serving male role) shrimp were ablated. In the first additional treatment, the second pleopod and endopod of the first pleopod were removed. In the second additional treatment, both the first and second pleopods were completely ablated. In these two additional treatments, the external morphology of MP and EP shrimp related to mating became similar after the ablation; therefore the MP and EP (acting as male) shrimp were not separated. Shrimp, either MP or EP, with pleopods 3 and 4 ablated were paired with intact EP shrimp to serve as controls. Ablation was conducted one day before the mating observation.
Each treatment or control had 15 replicates, each replicate bucket (20 L) contained two shrimp, one (MP or EP) serving as male and one (EP) as female. Before ablation, each experimental shrimp pair was verified of being able to fertilize and spawn. Ablation was carried out using jeweler forceps. Subsamples of the spawned eggs (at least 30 from each shrimp) were examined under a compound microscope about 6 h after spawning to estimate the percentage of the eggs that were developing. If more than 90% of the eggs were developing, the fertilization was considered successful. If less than 90% of the eggs were developing (mostly between 5% and 50%), the fertilization was considered partially successful. If none of the eggs were developing, the fertilization was considered unsuccessful. The shrimp were examined about 24 h after the spawning to confirm the classification of the three categories. At that time, many unfertilized eggs would have been lost from the brooding shrimp's pleopods (Bauer and Holt, 1998; Fiedler, 2000; Lin and Zhang, 2001) 
RESULTS
The shrimp in the control all fertilized successfully ( Table 1 ), suggesting that ablation process per se did not affect the mating and spermatophore transfer (see also Fiedler, 2000) . All the treatments had successful fertilization except for the three treatments where pleopod 1 of EP shrimp, pleopod 2 and endopod of pleopod 1, and both pleopods 1 and 2 were ablated ( Table   1 ). Ablation of pleopod 1 in EP shrimp resulted in successful fertilization in five pairs, partial fertilization in six pairs, and unsuccessful fertilization in the other four pairs (Table 1) . When pleopod 2 and endopod of pleopod 1 were ablated, seven pairs had successful fertilization, five pairs had partial fertilizaton, and three pairs had unsuccessful fertilization (Table 1 ). When both pleopods 1 and 2 were removed, total and partial fertilization success was observed in three pairs each, with nine pairs with unsuccessful fertilization (Table 1) .
DISCUSSION
Complexity of male gonopods varies among the decapod crustaceans, with different degrees of morphological differentiation from a primitive biramous natatory pleopod (Burkenroad, 1981) . The degree of modification in the male is related to the female morphology associated with receiving or storing the spermatophore. Complexity of spermatophore transfer and storage has been proposed to determine the evolution in the crustacean species (review by Bauer, 1986) . Compared with the petasma of penaeid shrimp and the complex structure of spermatophore transfer in nephropideans and brachyurans, the degree of modification in the caridean shrimp is at the lowest level. They generally do not have sperm storage structure (e.g., thelycum), therefore a spermatophore mass is simply deposited on the female's ventral cephalothorax and the spawned eggs are presumably pass through the spermatophoric mass during extrusion. The endopods of male first pleopods are assumed to pick up the extruded spermatophore from the gonopores and then the AM is thought to push the spermatophore from the first pleopod and place it on the female's ventral surface (Bauer, 1976; Berg and Sandifer, 1984) . The present study suggests that absence of pleopod 2 or modified endopods of pleopod 1 alone do not affect sperm transfer in L. wurdemanni. Complete ablation of pleopod 1 also did not affect sperm transfer in MP shrimp, but did affect the successful fertilization in the EP shrimp. This is different from results in two other caridean species, Heptacarpus sitchensis (see Bauer, 1976) and Palaemonetes pugio (see Berg and Sandifer, 1984) . In H. sitchensis, males with the copulatory rami ablated do not transfer spermatophores as successfully as normal shrimp (Bauer, 1976) . In P. pugio, AM is necessary for sperm transfer (Berg and Sandifer, 1984) . Also, this is contrary to the EP individuals of L. amboinensis, where pleopod 2 is not needed for successful fertilization, but pleopod 1 is (Fiedler, 2000) . In his study, Fiedler (2000) completely ablated either the first or second pleopod of EP shrimp only. Therefore, it is not known which part of (or the whole) pleopod 1 is needed in the sperm transfer. He did not test the MP shrimp. In the present study, even when pleopod 2 and endopods of pleopod 1 were ablated, 80% of the shrimp could still successfully or partially successfully carry out fertilization. Only when both pleopods 1 and 2 were completely removed did the fertilization become seriously affected.
In the unique (and puzzling) reproductive system of the Lysmata species, cincinnuli and AM disappear when a MP shrimp changes into EP, but an EP shrimp retains the ability to mate as male (Bauer and Holt, 1998; Fiedler, 1998; Lin and Zhang, 2001) . Therefore, it is not surprising that cincinnuli and AM are not essential to sperm transfer. The results from the present study demonstrate this point further. Their retention could be the result of phylogenetic constraints and/or no selective disadvantage (Fiedler, 2000) . Although protandric sexual systems are not uncommon in the decapods, especially among the caridean shrimp, the PSH reproductive system is so far only found in the Lysmata species where it seems to be widespread (Bauer, 2000) . The Lysmata species can be roughly divided into two socio-ecological groups (Bauer, 2000) . The first group is composed of warm-temperate species, highly aggregated, with unspecialized (facultative) fish-cleaning behavior. This group includes L. wurdemanni and L. sedicaudata Risso, 1816. The other group is composed mostly of tropical species that occur at low density, and are specialized fish-cleaners. Examples include L. amboinensis and L. grabhami Gordon, 1935. Interestingly, like L. wurdemanni, male-phase L. amboinensis has AM, but unlike L. wurdemanni, male-phase L. amboinensis lacks cincinnuli (Bauer and Holt, 1998; Fiedler, 2000; Zhang and Lin, unpublished data) . Setae were observed on the entire length of the endopod of pleopod 1 in MP L. amboinensis (Fiedler, 2000) , but in L. wurdemanni and L. seticaudata, MP shrimp were devoid of such hairs (Charniaux-Cotton, 1959; Bauer and Holt 1998) . More studies to compare the morphology, mating, social structure, ecological characteristics, etc. among the Lysmata species are needed to understand how PSH evolved in Lysmata and why it has not evolved in other groups of protandric carideans (Bauer, 2000) .
